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ABSTRACT 
A maximum heat flux correlation was derived for corresponding 
states liquids and subsequently verified by the data collected in 
this study as well as data presented in the literature. By applying 
this correlation, one can predict maximum heat flux values at high 
pressures from maximum heat flux values measured at low pressures; 
however, to apply the correlation it is necessary to have at least 
one maximum heat flux value and the saturation temperature at which 
it was determined. 
Contrary to existing correlations, it is shown that for any 
nucleate boiling heat transfer correlation to be truly general, it 
must include heat transfer surface and possibly geometric proper-
ties. When the data were compared to several common maximum heat 
flux correlations, seve~differences between the data and the cor-
relations were displayed. 
Nucleate pool boiling heat transfer studies were conducted 
under varying conditions in heat transfer surface, geometry, and 
medium. Liquid nitrogen and liquid argon were boiled on copper, 
gold, chrome, and "teflon" cylinders which had diameters of 0.75 
and 0.95 inches and lengths of three inches. The studies were car-
ried out at pressures ranging from atmospheric pressure to near 
the critical pressure of each of the two fluids. These studies 
provided the data used to validate the maximum heat flux corre-
lation and illustrate the surface and geometric effects on the 
nucleate boiling curve. 
Calvin Benson Cobb 
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INTRODUCTION AND OBJECTIVE 
Background 
In 1934, Nukiyama (37) qualitatively described various relation-
ships between the heat flux and temperature difference for a heat 
transfer surface to its surrounding medium. Figure 1 shows heat flux 
as a function of temperature difference and, as depicted by Nukiyama, 
can be separated into four distinct heat transfer regions: 1) convective, 
2) nucleate boiling, 3) unstable film boiling, and 4) film boiling. 
These four regions can best be illustrated by considering a heat 
transfer surface in contact with a liquid at its boiling point (satu-
rated liquid). A slight increase in surface temperature above the liquid 
saturation temperature causes convective currents to circulate the liquid 
and heats the entire bulk liquid thus causing evaporation to occur at 
the liquid's free surface. With a further surface temperature increase, 
boiling is initiated, and bubbles begin to form preferentially at surface 
anomalies called nuclei. Boiling which takes place with discrete bubble 
formation as opposed to boiling over the entire heat transfer surface is 
known as nucleate boiling. Additional surface temperature increases 
cause the nuclei to become more active by generating more bubbles. It 
is observed that the increased bubble production increases the heat flux 
greatly while the tempe rature difference remains relatively small. Since 
high heat flux values are attained with relatively low temperature driving 
forces (especially with cryogenic fluids, liquid N2, H2 , He, o2 , Ar, etc.), 
the nucleate boiling region is useful for reducing required heat exchanger 
area. As the temperature difference approaches point A (the maximum heat 
flux, critical heat flux, or burnout point) in Figure 1, an unstable vapor 
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Figure l. General Heat Transfer Curve 
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film of combining bubbles suddenly forms over the surface. The heat 
transfer rate decreases sharply as a result of the added film 
resistance; at point B (Liedenfrost point) the film stabilizes but re-
mains in violent agitation. The heat flux continues to rise as a result 
of the high temperatures in the film boiling region when the surface 
temperature is increased further. 
With the advent of cryogenic equipment, nuclear reactors, and rocket 
engines, equipment designers have expressed increased interest in the 
accurate prediction of boiling behavior in the nucleate and film boiling 
regions. The maximum heat flux holds special interest for the designer 
since very high heat transfer coefficients may be obtained as the burnout 
point is approached, however, severe equipment damage may be sustained 
if film boiling is initiated. Because designers need a reliable maximum 
heat flux correlation, many researchers have conducted experimental 
studies to develop this relationship. To date, however, none of the 
common maximum heat flux correlations accurately predict maximum heat 
flux values. Existing correlations vary widely and can only be used 
as rough approximations. 
Several investigators (5,6,8,~~,29,38,39,44), report that the 
maximum heat flux can be correlated as a function of the reduced proper-
ties of the liquid (i.e., T/Tc or P/Pc)· However, the lack of experimental 
data has not permitt ed further generalization of the proposed correlations. 
Purpose 
The purpose of this study is to extend the field of nucleate boiling 
heat transfer by providing and correlating data for nucleate boiling 
conducted in a quiescent liquid (pool boiling). Specifically, two areas 
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of nucleate boiling will be investigated using a single set of data. 
First, a maximum heat flux correlation will be developed. This equation 
will require one known maximum hea t flux value and the associated 
saturation temperature but will allow maximum heat fluxes to be calcu-
lated at any pressure (or saturation temperature). Second, it will be 
shown that the nucleate boiling heat transfer curves are a function of 
the type of heat transfer surface and its geometry. These two 
variables have not been included in existing correlations and are 
probably the cause of a lack of generality in the equations. 
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PREVIOUS WORK 
In the past 30 years a vast number of articles dealing with the field 
of nucleate boiling heat transfer have been written, however, in this 
literature review, the only ones discussed will be those required to es-
tablish a background in the field of nucleate boiling heat transfer and 
those which are directly concerned with correlating conditions at the maximum 
heat flux. Therefore, the previous work can be divided into two categories: 
1) nucleate boiling heat transfer background and 2) maximum heat flux corre-
lations. 
NUCLEATE BOILING HEAT TRANSFER BACKGROUND 
Carty and Foust (9) were perhaps the first to clearly elucidate the 
role of heat transfer surface conditions in the nucleate boiling heat 
transfer region. They found that surface roughness affects both the posi-
tion and the slope of the nucleate boiling curve shown in figure 1. An 
increase in surface roughness shifts the curve of figure 1 to the left. 
Initiation of nucleate boiling was found to be a strong function of the 
past boiling history of the surface. Carty and Foust presented a vapor 
entrapment model, which postulated that surface anomalies (nuclei or 
active sites) are capable of entrapping vapor as bubbles depart from the 
surface and thus start the formation of the next bubble. 
Carty and Foust's work was confirmed by Kurihara and Myers (26) who 
found surface aging in the liquid to be boiled was essential for repro-
ducible runs. This aging allows surface-entrapped inert gas to diffuse 
into the liquid, leaving a reproducible surface. 
Using high speed photography, Clark, Strenge, and Westwater (7) 
identified active, bubble-producing sites. These high-speed motion 
pictures definitely showed that conical pits with diameters between 0.0003 
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and 0.003 inches were very active nucleation sites. Some scratches, a 
plastic-metal interface of the heater, and a moving speck of unidentified 
material also acted as nucleation sites. In none of the studies did 
bubbles form at the crystal grain boundaries of the surface. 
Bankoff (1,2) derived an approximate theory for predicting the sur-
face temperature in excess of the saturation temperature (superheat) 
necessary to initiate bubble formation at a nucleation site. He examined 
a conical shaped cavity as a nucleation site and showed how surface geom-
etry and liquid-solid contact-angle affect the ability of a cavity to be-
come an active site. 
The cavity type of nucleation site was also extensively investigated 
by Denny (12) who induced artificial pits of various geometries on a sur-
face. In the nucleate boiling of carbon tetrachloride, steep-walled 
cavities with a depth-to-diameter ratio greater than one were the most 
active nucleation sites. Fouling of the cavity walls, local surface 
roughness, and the surface chemistry of the site are important variables 
affecting site activity. 
Griffith and Wallis (21) made an investigation of nucleation from a 
single cavity and determined that cavity geometry is important in two 
ways. The mouth diameter determines the superheat needed to initiate 
boiling and the cavity shape determines stability once boiling has begun. 
Contact angle between a bubble and the heat transfer surface is important 
in bubble nucleation because it affects cavity stability. 
Gaertner and Westwater (18) counted active, bubble-producing sites 
throughout most of the nucleate boiling region. Counts of active sites 
ranged from zero to a maximum of 1130 sites per square inch at sub-
maximum heat fluxes. They showed that the heat flux was approximately 
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proportional to the square root of the number of sites a fact which } 
disproved earlier theories (30,44) that the site population was linear 
with heat flux. 
Gaertner (16) ascertained that local active site population densi-
ties fit the Poisson distribution. This random distribution disputed 
theories of patch-wise boiling (9), which contended that bubbles are 
formed in small patches on the heat transfer surface. 
The effect of gravity on nucleate boiling holds interest for the 
aerospace engineer, consequently, Siegel and Keshock (48) made measure-
ments of bubble dimensions and bubble formation rates which they compared 
to existing correlations. All existing correlations predicted low bubble 
size, thus indicating that reduced gravity has an effect not previously 
correlated; therefore , a new correlation was derived. 
Since it has been hypothesized that the type of surface plays an 
important role in nucleate boiling, many investigators have studied 
surface effects. By placing "teflon" spots on a metal strip heater, 
Young and Hummel (49) observed increased heat transfer rates in the nucle-
ate boiling region. They attributed the increase to the poor wetting 
property of the "teflon". Similar increases in heat transfer rates were 
obtained by Bonilla, Grady, and Avery (4) who machined sharp parallel 
scratches on the heat transfer surface. 
In conjunction with h eat transfe r surface studies, h eater orie nta-
tions have been examined. Githinji and Sabersky (20) showed the effect 
of orientation on heat flux by using a flat strip heating element insu-
lated on one side. The vertical position yielded the highest heat flux 
for a constant temperature, the facing-up position was the next highest, 
and the facing-down position yielded the lowest heat flux. 
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Nucleate Boiling Heat Transfer Mechanisms 
As a result of the aforementioned works dealing with the macro-
scopic surface properties and bubble dynamics during boiling, four nucle-
ate boiling heat transfer mechanisms have been postulated. 
Mechanism 1: Microconvection in the Sublayer. Early workers (30,44) 
thought that this mechanism accurately described nucleate boiling heat 
transfer. Large convection velocities in the thin, superheated sublayer 
of liquid next to the surface were assumed to induce high heat transfer 
rates. High rates were a result of the turbulent conditions which in-
creased heat transfer coefficients. Forster and Grief (13) stated that 
since convective velocities are a strong function of temperature the heat 
flux must be a strong function of the temperature difference (T f -
sur ace 
T 1 . .d). However, this strong dependence on the temperature difference ~qu~ 
is not confirmed by experimental data. 
Mechanism 2: Latent Heat Transport by Bubbles. Theoretically, when 
a bubble grows on a heat transfer surface it absorbs latent heat which 
is returned to the liquid as the bubble detaches from the surface and 
collapses in the bulk liquid. Early workers (17) discounted this mechan-
ism because they calculated that only a small fraction of the total heat 
transferred could be transferred .in this manner. 
Mechanism 3: Vapor-Liquid Exchange Action. Forster and Grief (13) 
critically discussed this mechanism which was originally presented by 
Rohsenow and Clark (43). They postulat e d that a growing bubble forces 
liquid from the superheated layer near the heat transfer surface into the 
bulk liquid. When the bubble detaches from the surface, cool liquid fills 
the void left by the detached bubble thus restarting the process. 
Mechanism 4: Mass Transfer Through the Bubble. It is postulated that 
the inside of a bubble growing on a surface is exposed to a liquid micro-
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layer which wets the surface. Liquid evaporates from the micro-layer into 
the bubble interior. It subsequently condenses on the cooler bubble top 
and releases its latent heat of vaporization to the bulk liquid at that 
point. 
Recently, the four mechanisms have been critically evaluated. Using 
a thermocouple which was in effect a part of the heat transfer surface, 
Moore and Mesler (33) measured nucleate boiling temperature drops from 
the surface to the bulk liquid of 20 to 30°F in approximately two milli-
seconds. They used the various mechanisms to validate the temperature 
differences and calculated that mechanisms 1 or 3 cannot account for this 
large surface temperature drop but mechanism 2 is consistent with the 
experimental data. Rogers and Mesler (40) made further photographic 
measurements and found the conclusions of Moore and Mesler to be correct. 
Micro-layer thicknesses were measured by Hospeti and Mesler (22) who cal-
culated that Moore and Mesler's work was consistent with their study. 
In another bubble study, Johnson, de la Pena, and Mesler (24) showed how 
bubble contact angle, bubble diameter, and bubble delay time are consistent 
with Moore and Mesler's original work. Latent heat transport throughout 
the saturated nucleate boiling region is confirmed by Rollis and Jawurek 
(45) who stated that at the maximum heat flux the total heat transfer is 
probably equal to the latent heat. 
Gaertner (16) pointed out in a photographic study that there are 
three or perhaps four distinct regions in nucleate boiling. The mode of 
vapor formation characterizes these regions - discrete bubble region, 
first transition region, vapor mushroom region, and second transition 
region ~ which he discuss ed in detail. 
10 
Since there may be several regions in nucleate boiling, a burnout 
mechanism has been presented by Costello and Frea (11) and Costello, 
Bock, and Nichols (10) who proposed that burnout is caused by dry spots 
under vapor patches on the heater surface and is controlled by liquid 
inflow into the sides of the dry spots. This is why semi-cylindrical 
heaters have higher heat fluxes since there are no bubbles departing 
from the bottom which can interfere with the liquid inflow. 
Bernath (3) reviewed existing theories of local-boiling burnout 
and presented several reasons for scatter in burnout data which makes 
analysis of maximum heat flux conditions difficult. Kirby and Westwater 
(25) concluded that any theoretical model of boiling heat transfer based 
exclusively on the consideration of discrete bubbles must be in error as 
the heat flux approaches the maximum value and confirmed the theory 
that dry spots in the micro-layer signal the maximum heat flux. 
Rohsenow (42) reported that for nucleation at a heating surface it 
appears that theories of homogeneous nucleation are not applicable. In-
stead, a theory of nucleation at cavities on the surface is more plausible 
and is consistent with experimental observation. 
Even though there is no uniformity as to the mechanism of nucleate 
boiling, several nucleate boiling correlations (19,28,31,32,35,44,46) 
have been derived and used. Since the true boiling mechanism is not 
clear, these correlations are not general and are frequently useful only 
as rough approximations. This lack of generality is probably a result 
of two factors: 1) surface characteristics are not included in the ex-
isting correlations, and 2) published correlations are founded on either 
meehanism 1 or 3 which have recently been shown improbable. A truly 
general correlation will probably not be forthcoming until the mechanism 
of nucleate boiling is elucidated and surface conditions characterized. 
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MAXIMUM HEAT FLUX CORRELATIONS 
As pointed out in the Introduction, there has been renewed interest 
in the heat transfer conditions at the maximum heat flux point. A re-
liable equation for predicting these conditions is essential but to date 
no such equation has been developed. However, several correlations are 
available which have been used with limited success. 
Rohsenow and 'Griffith (44) presented equation 1 based on data for 
organic liquids and water. 
143 
P 0.6 p -
< L v) 
Pv 
Where: L is the latent heat of vaporization 
Pv is the vapor density 
PL is the liquid density. 
(1) 
By the use of dimensional analysis Kutatladze (27) derived the 
critical heat flux correlation given by equation 2. 
1/ 4 
(2) 
Where : a is the surface tension 
g is the accel e ration of gravity. 
Considering the limiting stability of two phase flow Zuber (50) 
developed equation 3. 
(3) 
Cichelli and Boni ll a (6) empir i cally correlated their experimental 





Where P is the reduced pressure 
r 
a is equal to 1 for clean surface 
a is equal to 1.15 for dirty surfaces. 
Noyes (36) proposed an equation of the form of equation 5. 
(Q/A) = '0.144L p L V [ p -p ]1/ 2 
max v Pv 
Where: N is the Prandtl number pr 
[g::OJ 1/4 N pr -0.245 
(4) 
(5) 
These equations presented above can only be used as rough approxi-
mations and in many cases they predict values which are several hundred 
per cent in error. A strict examination of the equations shows that 
they do not consider surface effects which vary from one investigation 
to another. Since these equations are based solely on thermodynamic 
properties) it should be possible to correlate the burnout point for 
thermodynamically similar fluids boiling on the same heat transfer surface. 
Using reduced properties of the liquid J Lienhard and Schrock (29); 
BorishanskyJ NovikovJ and Kutateladze (5)j Frederking (15); Cichelli and 
Bonilla (6); Park (38); and Cobb and Park (8) have presented work which 
supports this theory. 
Combining the Clausius Clapeyron equation, the expression for 
van der Waal 1 s reduced volumeJ the definition of the parachorJ and 
equation 3J Lienhard and Schrock obtained equation 6. 
(6) 




4 1" 8MP c ~g·Pc·M( ) 3RT 
c 
1" is the parachor 
M is the molecular weight. 
By applying thermodynamic similarity to the critical heat flux, 
Borishanski and co-workers developed equation 7. 
(Q/A) JM 
max (7) 
Frederking, as discussed by Park (38), based his prediction of the 
temperature difference at the burnout point on the estimation of two-
phase metastable states. He defined the deGree of metastability as, 
Temperature Difference at Burnout in Actual System 
Theoretical Temperature Difference at Burnout 
Frederking initially assumed that € was equal to 0.5. 
(8) 
Park extended Frederking 1 s work by establishing a reference value for 
each surface, thus eliminating the surface and geometric effects which 
could not be characterized. Restricting his work to corresponding state 
liquids he empirically obtained equation 9. 
6Xbo reference Pr=O.l 
(9) 
Cobb and Park further extended the work to include correlation of 
the maximum heat flux in a manner similar to that of the critical temper-
ature difference. By assuming that the critical heat flux is a function 
of the heat of vaporization and introducing the Clausis Clapeyron 
equation they developed equationlO. 
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(Q/A)max [T ~Vr ~ 
1.194 -
r dT 
(Q/A)max 9.188 (Tr b..Vr dPr) reference Pr=O.l dTr 
re (10) 
F: ~vr dPr 2 [ ,:: AVr dPr 3 dT J - 12.05 dT 1 + 21.05 b..Vr dPr) t:,.,V r ~ dTr f dTr ref re 




In this chapter of the dissertation, details of the investigation 
will be described in the following order: 1) scope of the study, 
2) experimental equipment, and 3) experimental procedure. 
SCOPE OF THE STUDY 
As stated in the Introduction and Previous Work chapters, the 
purpose of this study will be to show the effect of heat transfer sur-
face and geometry on the nucleate heat transfer region and to extend 
the recent work of Cobb and Park (8) as shown in equation 10, in order 
to achieve a generalized method for predicting maximum heat fluxes. 
Specifically, five different heat transfer elements will be used to 
boil liquid nitrogen and liquid argon. A wide pressure range from 
atmospheric to the critical pressure of each of the liquids will be 
studied. With data from very different conditions, it is planned to 
show qualitatively that heat transfer in the nucleate boiling region 
is a strong function of the type of surface and the diameter of the 
heat transfer element. 
If this approach is successful, it will lay the foundation for a 
study to determine exactly what surface and geometric variables must 
be included in a generalized correlation. Once these variables are 
established, then, for example, the maximum heat flux correlation of 
Cobb and Park (8) could be modified so it would predict accurate maximum 
heat flux values without requiring previous data for the heat transfer 
element under study. Obviously, this modification could lead to wide-
spread industrial use in the field of heat transfer equipment design. 
It is also planned to simplify the equation of Cobb and Park (8), 
equation 10, for predicting maximum heat flux values and test the 
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equation of Park (38), equation 9 , for p1:edicting the maximum temper-
ature difference corresponding to the maximum heat flux. 
To test Park 1 s equation, the maximum temperature difference of each 
run will be divided by the maximum temperature difference at a reduced 
pressure of 0.1 then plotted as a function of reduced temperature on a 
graph which also shows the equation. 
A code number was given each run from which the number of the run, 
heating element surface, boiling fluid and cylinder diameter could 
easily be ascertained. For example, run number lCN-0.75 indicates run 
number one on a 0.75 inch diameter copper heating element in liquid 
nitrogen. Chrome, gold, and 11teflon11 surfaces were denoted by the 
letters CH, G, and T, respectively, liquid nitrogen and liquid argon by 
Nand A, and the heating element diameter by 0.75 or 0.95. A total of 
57 nucleate boiling heat transfer curves will be measured; seven CN-0.75, 
seven CN-0.95, six CA-0.95, seven GN-0.75, six GA-0.75, seven TN-0.75, 
five TA-0.75, six CHN-0.75 and six CHA-0.75. All runs will be conducted 
at normal gravitational acceleration. 
To date there is a limited amount of nucleate boiling data over a 
wide pressure range for liquid argon; therefore, the study will be 
additionally valuable from the standpoint that it will yield data which 
is needed to extend the fi eld of nucleate boiling heat transfer. 
EXPERIMENTAL EQUIPMENT 
Four components made up the experimental equipment : 1) pressure and 
condensing system, Figure 2, 2) heating e l ement, Figure 3, 3) el ectrical 
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Pressure and Condensing System 
A one-gallon autoclave , described by Sciance (47) held the heating 
element. This vessel, manufactured by Autoclave Engineers, Inc., was 
a five inch inside diameter by twelve inch deep cylinder fitted with 
two 1-1/ 4 inch diameter sight glasses located at 180°. The vessel 
cover was stationary with a body which could be raised or lowered 
pneumatically. By using this system, the heating element could be 
inspected without disturbing the connections to the element. 
Pressure in the closed vessel was controlled by the amount of vapor 
condensed outside the int e rnal condenser as shown in Figure 2. The 
condenser used liquid nitrogen supplied at 235 pounds per square inch 
gauge from Linde LS-llOB and LS-156 dewars as a coolant. A Heise Bourdon-
tube gauge with a 16 inch dial measured the system pressure. This gauge 
was graduated from 0 to 1000 pounds per square inch with an accuracy 
of + one pound per square inch. A Black, Sivalls, and Bryson rupture 
disc rated at 960 pounds per square inch gauge at 72°F protected the 
system from any sudden rise in pressure. All connections shown in 
Figure 2 were 316 stainless steelj the tubing was 0.25 inch outside 
diameter with a 0.065 inch wall thickness, and the valves were Whitey 
No. 1 Series 0.25 inch valves number IRS4-316. 
Heating Element 
Since the purpos e of this inve stigation was to examine the heating 
element surface and s iz e, several cylindrical heaters were used. The 
five heating elements t e sted in the study were of copper ; four had 
diameters of 0.750 inches and were 3 . 00 inches long, one had a diameter 
of 0.950 inches and was 3.00 inches long. Coatings of gold, chrome, and 
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"teflon" were placed on three of the smaller cylinders while the larger 
cylinder was used as the original copper. The metallic coatings of gold 
and chrome (metal with a high chromium content) were electroplated, and the 
"teflon" coating was obtained by applying National Chemical Laboratories, 
Inc., Osrow 1 s spray Pl y according to the ma nufacture 1 s directions. 
Figure 3 shows the assembled heating element and the position of 
the thermocouples which measured the surface temperature. Tungsten 
wire (0.020 inches in diameter) wound on a 0.40 inch lava core with 18 
threads per inch provided the heat source. This core was insulated from 
the 0.55 inch inside diame t er of the coppe r cylinder by Sauereisen 
Electrical Resistor Cement No. 78 paste. Temperature distribution in 
the heating element was measured with three copper constantan thermo-
couples placed in 1/16 inch holes drilled axially into the heater wall. 
A copper wire was hammered into the hole with the thermocouple to insure 
sufficient thermal contact between the thermocouple tip and the cylinder. 
Electrical System 
Direct current power was provided by a Hobart Model MB-204 motor-
generator which could supply 200 amperes of current at 40 volts. A 
stepwise-variable, air-cooled resistor of nichrome wire in series with 
the heating element served to control the power output of the motor-
generator. 
Voltage drop across the heating element was measured to+ 0.25 
percent of the full scal e reading of a Wes ton Model 1 (class 50) volt-
meter placed in parallel with the heating element. Current input to 
the heating element was measured to+ 0.25 percent of the full scale 
reading of a Weston Model 1 (class 50), 50 ampere meter in series with 
the heating element. 
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Temperature Measuring System 
Three thermocouples measured the temperature distribution within 
the heating element as shown in Figure 3 and were recorded by using 
the constantan wire of three Conax 310SS6T-B-PJFC-NONE-18" thermo-
couples and the copper wire of one Conax 310SS6T-B-PJFC-NONE-18" 
thermocouple which was common to the three constantan thermocouples. 
These wires passed out of the vessel through a Conax MHM-062-Al6-T 
gland with "teflon" sealant to a liquid nitrogen reference junction. 
Outside the autoclave, the thermocouples were connected to a Leeds and 
Northrup rotary thermocouple switch which was used in conjunction with 
a Texas Instruments, Servo-riter II, single pen recorder. 
EXPERIMENTAL PROCEDURE 
A complete series of runs consisted of seven nucleate boiling 
curves at pressures varying from atmospheric pressure to near the 
critical pressure of the liquid being boil e d. 
Prior to each serie s of runs the autoclave was cooled by charging 
the liquid nitrogen through the fill line and venting the vapor to the 
atmosphere (see Figure 2). When using nitrogen, the liquid level was 
allowed to reach approximately seven inches; for the argon runs the 
nitrogen used for precooling was allowed to evaporate then the vent was 
closed and gaseous argon (99.999 percent pure), supplied from a Linde 
gas cylinder, was condensed in the autoclave by circulating liquid 
nitrogen through the internal condenser till the liquid argon depth 
was also approximately seven inches. After filling, the fillline was 
closed and the system pressure controlled by. monitoring the nitrogen 
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flow through the internal condenser. When the desired pressure was 
attained and controlled, power to the heating element was turned on 
and the temperatures, amperage, and voltage recorded after steady state 
was achieved by adjusting the nitrogen flow rate in the internal con-
denser. Then the power level was raised and the next nucleate boiling 
point recorded. This procedure was continued until the burnout point 
was attained. As indicated by previous authors (8,38,59), it is 
signaled by a sudden rise in the surface temperature. At the completion 
of a pressure run (the burnout point) the power was turned off, the 
pressure readjusted to a new value, and a new set of readings taken. 
Care was taken to keep the heating element in a nitrogen or argon 
atmosphere to prevent any surface changes such as adsorption of gases 
on the surface. After completion of a series of runs, a check run was 
made to insure that the data were reproducible and that the surface had 
not changed. To prevent any hysteresis (9,26), the heat flux was always 
increased, but hysteresis was not specifica lly investigated. 
Since several investigators (9,26 ,38) , reported variation of the 
heat transfer coefficient for a new heating element, the liquid was 
boiled for 30 minutes at the start of each series of runs. The 
variation of heat transfer coefficient was also observed in this study. 
Atmospheric nitrogen data were taken by placing the heating 
e lement in a two liter dewar o f liquid nitroge n. Liquid nitrogen was 
added by hand to maintain the liquid l evel approximately f ive inches 
above the heater. Atmospheric argon data were not obtaine d becaus e 
the internal condenser did not have sufficient heat transfer area to 
hold the internal pressure in the autoclave at atmospheric pressure . 
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DERIVAT!ON_O~~ ~MUM HEAT FLUX CORRELATION 
Since all the facto~s whi~h influence nucleate boiling, such as 
surface roughness, surface natu~e, heater geometry, etc., have not 
been accurately described , it has been suggested that these parameters 
should be eliminated as de scribed by several authors (8,38,39). These 
authors use a reference state for each heat transfer surface. This 
reference state tends to no~a!ize each set of data and allows comparison 
of various author's data. 
In order to eliminate co~plications arising from molecular int e r-
actions of complex subst a nces, this de~ivation, which is similar to thos e 
previously mentioned , ~ill be ~onfined to corresponding states liquids. 
Also, the derivation iS ~estri~ted to normal gravitational acceleration. 
The maximum heat f!ux is assumed to have the same form as described 
by Cobb and Park (8): 
(11) 
Where:~ is a geo~etric shape factor 
N is the nu~be r o f Potential nu~leation Sites for a given 
L is latent h eat of vaporization 
Instead of obtai~ing t f~om the Claus ius-clapeyron equation, L will 
be correlated as a fu~ction of redu~ed t emperature. Narsimhan (34) 
developed the foll o~i~g e q uation for L : 
1·987 T (l~P )( l -T ~ ) c c ~ (12) 
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Establishing a reference value: 
[ <P,N, 
1.987 T (lnP )(1-T) ] (Q/A)max f c c r (1. 987-2.46 Trb) (13) 
[ <P,N, 
1 . 987 T (ltiP )(T-T) ] (Q/A)max f c c r pr 0.1 (1.987-2.46 Trb) 
Pr 0.1 
For the same substance boiling on the same element, the right hand side 
of equation 13 requces to a function of Tr since <P, N, Tc, Pc and Trb 
are constant under these conditions. Therefore: 
(Q/A)max 
(Q/A)max 
Pr = 0.1 
f(T ) 
r (14) 
A reference value ~t a reduced pressure of 0.1 was chosen because 
most experimenters have obtained data ne~r ~his value. Thus an accurate 
interpolation of the reference value is feasible when data are not 
available at the exact value of reduced pressure equal to 0.1. Equation 
14should hold for pool boiling of corresponding states liquids regardless 
of the surface or geometry considered. 
If equation 14 is valid, it means that the functional relationship 
between the variables, ¢, N, and Tr are separable or that the variables 
<P and N have a weak effect when combined. 
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DISCUSSION 
Two approaches will be used to interpret the data obtained in 
this study: 1) the validity of the maximum heat flux correlation pro-
posed herein, equation 14, the maximum temperature difference corre-
lation of Park (38), equation 9, and several common maximum heat flux 
correlations will be checked with the data obtained from this investi-
gation, and 2) the effect of the various heat transfer surfaces, geometries, 
and fluids on the nucleate boiling heat transfer data will be examined. 
The heat fluxes, temperature differences, and saturation conditions for 
each nucleate boiling run are listed in appendix A. 
MAXIMUM HEAT FLUX AND TEMPERATURE DIFFERENCE CORRELATIONS 
To check the maximum heat flux data, the correlations of Rohsenow 
and Griffith (44), equation 1, Kutatladze (27) equation 2, Zuber (50), 
equation 3, Cichelli and Bonilla (6) equation 4, and Lienhard and Schrock 
(29) equation 6, were plotted on the same graph as the maximum heat flux 
data. Figure 4 shows the data for liquid nitrogen from which it can be 
seen that the Kutatladze and Zuber equations fit the TN-0.75 and CN_.0.95 
burnout data with absolute deviations of approximately 10 to 40 percent. 
However, the other correlations yield results which are in error by several 
hundred percent. For argon (Figure 5), the agreement between the data and 
the predicted values is much worse since the Kutatladze and Zuber curves 
are shifted upward and away from the experimental data. This situation 
arises because the surface tension of arg~n is approximately ten times 
larger than the surface tension of nitrogen, (see equations 2 and 3). 
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Using the maximum heat flux correlation proposed in this work, the 
data were fitted as shown in Figure 6 with a third order equation: 
(Q/A)max 15.20 - 68.95 Tr + 105.64 T~ - 51 . 66 T~ (15) 
(Q/A)max Pr=O.l 
The standard deviation of the least squares fit was 0.0632. To apply 
equation 15, it is necessary to know only one maximum heat flux value 
at a known saturation temperature. With these two values the reference 
value, (Q/A)max Pr~O.l• can be calculated. Then the maximum heat flux 
can be calculated at any reduced temperature. In this manner maximum 
heat fluxes at high pressures can be predicted from data obtained at low 
pressures thus eliminating the inconvenience of procuring high pressure 
equipment. 
Equation 15 is further validated as shown in Figure 7 which shows 
the data of Lyon, Kosky, and Harman (51), Park (38), and Sciance (47). 
Lyon, Kosky, and Harman obtained data using liquid nitrogen and liquid 
oxygen on a horizontal platinum plate. Park's liquid nitrogen data 
were measured on a gold plated cylinder. The liquid methane data of 
Sciance was measured on a cylinder. 
The several fluids and heat transfer elements used to test equation 
15 show that the equation can be used to calculate heat fluxes for corre-
spending states liquids boiling on cylinders and flat plates. It might 
also be expected that the maximum heat flux correlation is valid for 
other geometries (for example, spheres, and more complicated shapes) but 
additional data is required to test this. 
Park's (38) maximum temperatu r e difference correlation, equation 9, 
is confirmed by the data of this investigation. Figure 8 shows the data 
which are somewhat scattered. This scatter was expected and subsequently 
experienced in the maximum temperature difference equation as opposed to 
the maximum heat flux correlation. Variations stem from several sources: 
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1.4 
(Qj A) max Pr=O. 1 15.20 - 68.95 T + 105.64 T
2 
- 51.66 T3 
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1.4 (Q/ A)max 15.20 - 68.95 Tr T2 T3 = + 105.64 - 51.66 
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1) Determination of the exact temperature difference at the burnout point 
is difficult because of heater instability, 2) Errors in the temperature 
readings are caused by contact resistances between the thermocouple tips 
and the heating element, and 3) The magnitude of the temperature differ-
ence is much smaller than that of the heat flux. Therefore, even small 
errors in the temperature measurements are amplified greatly. Errors of 
measurements in this work are thoroughly discussed in appendix B. The 
maximum temperature difference equation is used to predict temperature 
differences in the same manner as the maximum heat flux equation is used 
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EFFECTS OF HEAT TRANSFER SURFACE, GEOMETRY, AND FLUIDS 
ON THE NUCLEATE BOILING HEAT TRANSFER DATA 
A most significant point is illustrated by considering Figures 4 
and 5. Previously, none of the commonly accepted maximum heat flux 
correlations had included heat transfer surface or geometric variables 
of any sort, but the data of this study show conclusively that the max-
imum heat flux is strongly dependent on the type of heating surface and 
geometry. Figure 5 for argon shows that a family of curves exists with 
"teflon" showing the highest values on the ordinate followed by copper, 
gold, and chrome, respectively. For nitrogen, Figure 4, the order is 
"teflon", 0.95 inch copper, gold, 0.75 inch copper, and chrome. 
Surface characteristics are likewise evident in the nucleate boiling 
curves obtained with liquid nitrogen and liquid argon. Figures 9, 10, 
and 11 show that there is a perceptible difference between the 0.75 
inch copper, gold, chrome, and "teflon" surfaces for liquid nitrogen at 
reduced pressures of 0.029, 0.100, and 0.300. In all three figures, the 
"teflon" surface exhibits much higher temperature differences for a 
specified heat flux than did the three metallic surfaces. Since at the 
higher pressures the curves are essentially the same as those shown in 
Figure 10, variations in the nucleate boiling curves are only shown at 
the lower pressures. A correction for the temperature drop across the 
"teflon" film was made (see appendix B), and the corrected curves are 
shown in Figures 9, 10, and 11 ,. however the original and corrected data 
for the "teflon" runs are listed in appendix A. 
'T Heating element diameter also has an effect on the nucleate boiling 
curves as shown in Figure 11 for liquid nitrogen. Generally, the larger 
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At pressures above atmospheric, the maximum temperature difference is 
greater for the larger cylinder. The runs at reduced pressures of 0.500, 
0.900, and 0.950 were not plotted in Figure 12. They show the same trends 
as the other data and would obscure rather than clarify the results. 
When liquid nitrogen and liquid argon were boiled on the same heat 
transfer surface, several qualitative results were observed. As illus-
trated in Figures 13, 14, and 15, the maximum heat flux is approximately 
10 to 30 percent higher with liquid argon than liquid nitrogen. Other-
wise, the nucleate boiling curves for argon and nitrogen are very nearly 
the same. They are approximately one degree apart, a difference which 
matches the estimated accuracy of the temperature measurement. Data at 
reduced pressures of 0.500, 0.900, and 0.950 were omitted from the figure~ 
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A close examination of the nucleate boiling heat transfer data 
of this investigation yields the following conclusions: 
1. Burnout heat flux data for corresponding states liquids can 
be correlated by the equation: 
(Q/A)max 2 15.20 - 68.95 Tr + 105.64 T~ - 51.66 T~ 
(Q/A)m~ Pr080.1 
2. Park's (38) maximum temperature difference correlation is further 
validated, however more scatter was noted in this study than in 
the original work. 
3. For a maximum heat flux correlation to be truly general, it must 
contain heating element surface and possibly geometric properties. 
4. Various surfaces have a definite effect on the nucleate boiling 
curves. This effect is especially evident with "teflon" which 
yields temperature differences much higher than do the metallic 
surfaces. 
5. Liquid nitrogen and liquid argon have nearly the same nucleate 
boiling curves, however the burnout heat flux is generally 
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NOMENCLATURE 
Heat capacity, B.t.u./lb. °F 
Acceleration due to gravity, ft./sec.2 
Conversion factor in Newton's law of mot;on, lbm ft /lbf se 2 ~ • • • c. 
Thermal conductivity , B.t.u./hr. ft. °F 
Latent heat . of vaporization, B.t.u. / lb. 
Molecular weight, lb./lb. mole 
Number of potentially active nucleation sites 
Prandtl number 
Pressure, P.S.I. 
Rate of heat transfer, B.t.u./hr. 
Universal gas constant 
Temperature, 0 R 
Temperature difference, (T - T ) 
surface liquid. 
Volume, ft. 3 
Greek Symbols 
Degree of metastability , defined by Equation 8 
Geometric factor 
Parachor 
Surface tension , l b f. / f t. 
De nsity, lb. / ft. 3 
Subscripts 
c Refers to the critical point 
L = Refers to the liquid 
v = Refers to the vapor 
R Refers to a reduced property (T/TcJ etc.) 
RB = Refers to a reduced property at the normal boiling point of the 
liquid 
max = refers to the point where the maximum heat flux occurs 
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TABLE A-I NUCLEATE BOILING N2 Dt\TA ON A 0 . 75 INCH COPPER CYLINDER 
TABLE A-II NUCLEATE BOILING N2 Dt\TA ON A 0 . 95 INCH COPPER CYLINDER 
TABLE A-III NUCLEATE BOILING AR Dt\TA ON A 0.95 INCH COPPER CYLINDER 
TABLE A-IV NUCLEATE BOILING N2 Dt\TA ON A 0. 75 INCH GOLD CYLINDER 
TABLE A-V NUCLEATE BOILING AR Dt\TA ON A 0. 75 INCH GOLD CYLINDER 
TABLE A-VI NUCLEATE BOILING N2 Dt\TA ON A 0. 75 INCH "TEFLON" CYLINDER 
TABLE A-VII NUCLEATE BOILING AR Dt\TA ON A 0. 75 INCH "TEFLON" CYLINDER 
TABLE A-VIII NUCLEATE BOILING N2 Dt\TA ON A 0. 75 INCH CHRCME CYLINDER 
TABLE A-IX NUCLEATE BOILING AR Dt\TA ON A 0.75 INCH CHROME CYLINDER 
TABLE A-I 
NUCLEATE BOILING N2 DATA ON A 0.75 INCH COPPER CYLINDER 
Run 1CN-O. 75 
Saturation Temperature 13.9°R 
Saturation Pressure 14.2 P.S.I.A. 
Q/A (10)-4 


























13.8 Burnout Point 
Run 2CN-0. 75 
Saturation Temperature 161°R 
Saturation Pressure 49 P.S.I.A. 
Q/A (10) - 4 










5.7 Burnout Point 
5:1 
TABLE A-I continued 
Run 3CN-0. 7 5 
Saturation Temperature 188°R 














4.1 Burnout Point 
Run 4CN-0.75 
Saturation Temperature 204°R 
Saturation Pressure 246 P.S.I.A. 
Q/A (10)-4 2 












3.4 Burnout Point 
Run 5CN-0. 75 
Saturation Temperature 220°R 
Saturation Pressure 394 P.S.I.A. 
Q/ A (10)-4 
B.t.u. / hr. ft. 2 







1.0 Burnout Point 
TABLE A-I continued 
Run 6CN-0. 75 
Saturation Temperature 222°R 
Saturation Pressure 423 P . S.I.A. 
Q/A (10) - 4 
B. t. u. /hr. ft. 2 









0.9 Burnout Point 
Run 7CN-0. 75 
Saturation Temperature 227°R 
Saturation Pressure 467 P.S.I.A. 
Q/A (10) - 4 2 
B.t.u./hr. ft. 
0.024 




0.3 Burnout Point 
53 
TABLE A-II 
NUCLEATE BOILING N2 DATA ON A 0.95 INCH COPPER CYLINDER 
Run 1CN-0.95 
Saturation Temperature 139°R 
Saturation Pressure 14.2 P.S.I.A. 













7.6 Burnout Point 
Run 2CN-0 . 95 
Saturation Temperature 161°R 
Saturation Pressure 49 P.S.I.A. 
Q/A (10)-4 2 
















6.5 Burnout Point 
Run 3CN-0.95 
Saturation Temperature 188°R 
Saturation Pressure 148 P . S . I.A. 
Q/ A (10) - 4 2 
B.t . u. / hr. ft. 
1.062 














3.9 Burnout Point 
54 
TABLE A-II continued 
Run 4CN-0. 95 
Saturation Temperature 204°R 
Saturation Pressure 246 P.S.I.A. 















3.7 Burnout Point 
Run 5CN-0. 95 
Saturation Temperature 220°R 
Saturation Pressure 394 P.S.I.A. 









1.8 Burnout Point 
Run 6CN-0. 95 
Saturation Temperature 222°R 
Saturation Pre ssure 423 P.S.I.A. 







1.1 Burnout Point 
5_5 
TABLE A-II continued 
Run 7CN-0.95 
Saturation Temperature 227°R 
Saturation Pressure 467 P.S.I.A. 
Q/A (10) - 4 2 
B. t. u ./hr. ft. 
1. 819 0.8 Burnout Point 
56 · 
TABLE A-III 
NUCLEATE BOILING AR DATA ON A 0.95 INCH COPPER CYLINDER 
Run 1cA-0.95 
Saturation Temperature 192°R 
Saturation Pressure 71 P.S.I.A. 
Q/A (10)-4 2 
















15.0 Burnout Point 
Run 2cA-0.95 
Saturation Temperature 225°R 
Saturation Pressure 212 P.S.I.A. 

















10.0 Burnout Point 
57 
TABLE A-III continued 
Run 3CA-O. 95 
Saturation Temperature 243°R 
Saturation Pressure 352 P.S.I.A. 
Q/A (10)-4 2 
















12.8 Burnout Point 
Run 4CA-0.95 
Saturation Temperature 262°R 
Saturation Pressure 564 P.S.I.A. 
Q/A (10) - 4 2 






3.6 Burnout Point 
Run SCA-0. 95 
Saturation Temperature 268°R 
Saturation Pressure 634 P.S.I.A. 
Q/A ( 10)-4 






1.5 Burnout Point 
TABLE A-III continued 
Run 6CA-O. 95 
Saturation Temperature 270°R 
Saturation Pressure 670 P.S.I.A. 
Q/A (10) - 4 2 






1.4 Burnout Point 
5.9 
TABLE A-IV 
NUCLEAGE BOILING N2 DATA ON A 0.75 INCH GOLD CYLINDER 
Run 1GN-0.75 
Saturation Temperature 139°R 
Saturation Pressure 14.2 P.S.I.A. 
Q/A (10)-4 
















9.0 Burnout Point 
Run 2GN-0.75 
Saturation Temperature 161°R 
Saturation Pressure 49 P.S.I.A. 











6.6 Burnout Point 
Run 3GN-O. 75 
Saturation Temperature 188°R 
Saturation Pressure 148 P.S.I.A. 
Q/A (10)-4 












4.8 Burnout Point 
60. 
TABLE A-IV continued 
Run 4GN-0. 75 
Saturation Temperature 204°R 














4.2 Burnout Point 
Run 5GN-0. 75 
Saturation Temperature 220°R 
Saturation Pressure 394 P.S.I.A. 
Q/A (10)-4 














2.8 Burnout Point 
Run 6GN-0.75 
Saturation Temperature 222°R 














2.4 Burnout Point 
61 
TABLE A-IV continued 
Run 7GN-0. 75 
Saturation Temperature 227°R 












0.6 Burnout Point 
62 
TABLE A-V 
NUCLEATE BOILING AR DATA ON A 0. 7 5 INCH GOLD CYLINDER 
Run 1GA-0. 75 
Saturation Temperature 192°R 
Saturation Pressure 71 P.S.I.A. 
Q/ A (10) - 4 2 












7.6 Burnout Point 
Run 2GA-0. 75 
Saturation Temperatu r e 225°R 
Saturation Pressure 212 P.S.I.A. 
Qj A (10)-5 2 
















6.0 Burnout Point 
Run 3GA-0. 75 
Satu r ation Temperat ure 243°R 
Saturation Pressure 352 P.S.I.A. 
Q/ A (10)-4 2 














7.6 Burnout Point 
6.3 
TABLE A-V continued 
Run 4GA-O. 75 
Saturation Temperature 262°R 
Saturation Pressure 564 P.S.I.A. 













1.3 Burnout Point 
Run 5GA-O. 75 
Saturation Temperature 268°R 
Saturation Pressure 634 P.S.I.A. 
Q/ A (10)-4 2 










1.0 Burnout Point 
Run 6GA-0.75 
Saturation Temperature 270°R 
Saturation Pressure 670 P.S.I.A. 









0.5 Burnout Point 
64 
TABLE A-VI 
NUCLEATE BOILING N2 DATA ON A 0. 75 ''TEFLON" CYLINDER 
Run lTN-0. 75 
Saturation Temperature 139°R 
Saturation Pressure 14.2 P.S.I.A. 



























Saturation Temperature 161°R 










27.0 Burnout Point 
Q/ A (10)-4 2 




























56.2 Burnout Point 
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TABLE A-VI continued 
Run 3TN-O. 75 
Saturation Temperature 188°R 
Saturation Pressure 148 P.S.I.A. 






















Run 4TN-0. 75 
Saturation Temperature 204°R 








56.1 Burnout Point 
Q/A (10) - 4 2 





















Run 5TN-O. 75 
Sa turation Temperature 220°R 








60.8 Burnout Point 




















36.8 Burnout Point 
TABLE A-VI continued 
Run 6TN-O. 75 
Saturation Temperature 222°R 
Saturation Pressure 423 P.S.I.A. 






















Run 7TN-0. 75 
Saturation Temperature 227°R 








27.0 Burnout Point 
QjA (10) - 4 2 
B.t.u./hr . ft. 















9.4 Burnout Point 
67 
TABLE A-VII 
NUCLEATE BOILING AR DATA ON A 0. 7 5 INCH "TEFLON" CYLINDER 
Q/ A (10) - 4 
Run 1TA-O. 75 
Saturation Temperature 192oR 
Saturation Pressure 71 P.S.I.A. 
6.T (origina 1) .cu 



















Run 2TA-0. 75 
Saturation Temperature 225°R 












Q/ A (10)- 4 2 



























8.830 100.0 75.0 Burnout Point 
Run 3TA-0 . 75 
Sa tura tion Tempera tu re 243°R 
Sa tura tion Pres su re 352 P.S.I.A. 
Q/ A (10) - 4 2 
B. t.u./hr. f t. 
M (orig inal ) 
OF 
















76.0 Burnout Point 
68 
TABLE A-VII continued 
Run 4TA-0.75 
Saturation Temperature 243°R 
Saturation Pressure 352 P.S.I.A. 
Q/ A (10) - 4 2 
B.t.u./hr. ft. 
.tiT (origina 1) 
Op 


















Run 5TA-0. 75 
Saturation Temperature 270°R 








19.9 Burnout Point 
Q/A (10) - 4 2 
















7.1 Burnout Point 
69 
TABLE A-VIII 
NUCLEATE BOINING N2 DATA ON A 0.75 INCH CHROME CYLINDER 
Run 1CHN-0. 75 
Saturation Temperature 139°R 
















8.9 Burnout Point 
Run 2CHN-0.75 
Saturation Temperature 161°R 
Saturation Pressure 49 P.S.I.A. 
Q/A (10)-4 








8.6 Burnout Point 
Run 3CHN-0.75 
Saturation Temperature 188°R 
Saturation Pressure 148 P.S.I.A. 
Q/A (10)-4 










3.8 Burnout Point 
70 
TABLE A-VIII continued 
Run 4CHN-O. 75 
Saturation Temperature 204°R 












3.6 Burnout Point 
Run 5CHN-O. 75 
Saturation Temperature 2200R 
Saturation Pressure 394 P.S.I.A. 
Q/A (10)-4 






2.3 Burnout Point 
Run 6CHN-0.75 
Saturation Temperature 222°R 
Saturation Pressure 423 P.S.I.A. 
Q/A (10)-4 










0.9 Burnout Point 
71 
TABLE A-IX 
NUCLEATE BOILING AR DATA ON A 0.75 INCH CHROME CYLINDER 
Run 1CHA-0. 75 
Saturation Temperature 1920R 
Saturation Pressure 71 P.S.I.A. 
Q/A (10)-4 












8.1 Burnout Point 
Run 2CHA-0. 75 
Saturation Temperature 2250R 
Saturation Pressure 212 P.S.I.A. 
Q/A (10)-4 
















3.4 Burnout Point 
Run 3CHA-0.75 
Saturation Temperature 243°R 
Saturation Pressure 352 P.S.I.A. 
Q/A (10)-4 










3.8 Burnout Point 
72 
TABLE A-IX continued 
Run · 4CHA-0. 75 
Saturation Temperature 2620R 












1.0 Burnout Point 
Run 5CHA-0. 7 5 
Saturation Temperature 268°R 








0.8 Burnout Point 
Run 6CHA-0.75 
Saturation Temperature 270°R 
Saturation Pressure 670 P.S.I.A. 
Q/ A (10) - 4 






0.6 Burnout Point 
73' 
APPENDIX B 
DISCUSSION OF ERRORS IN MEASUREMENT 
74 
Park (38) discusses in detail the errors associated with nucleate 
boiling heat transfer studies of this type, and since this investigation 
is very similar to his, errors will not be described here in great 
detail. Current and voltage could be read to ±0.125 amperes and ±o.075 
volts for voltages below 30 volts and ±0.375 volts for voltages above 
30 volts, respectively. Using these values, the combined errors are 
less than one percent for both cases. 
Temperatures could be read to ±0.005 millivolts which yields an 
error of ±0.25°F. However, the contact resistance between the thermo-
couples and the heating element, which is directly proportional to an 
error in the temperature, could not be measured, but the error was 
estimated at ± 1°F. For the "teflon" runs, the temperature drop across 
the thin film was calculated using Fourier's law for the steady state 
conduction of heat through a solid and amounts to 25 percent of the 
total measured temperature difference. All "teflon" temperature 
differences were corrected accordingly. An average of three thermo-
couple readings was used in calculating the temperature differences. 
+ Pressures were measured accurately to - one pound per square 
inch which permitted a very accurate calculation of the reduced 
pressure. 
Thermocouple placements used previously by Park (38) and Sci a nc e 
(47) were not used because it was felt that contact resistance could, 
possibly, be reduced or at least not increased by the simpler design 
shown in figure 3. Park's (38) heater consisted of a cylinder in 
which three 32 gauge iron-constantan thermocouples were cemented into 
0.022 inch deep longitudinal grooves milled one half the length of the 
2 inch long cylinder. Thermal contact was made by silver soldering 
each thermocouple junction to the end of its groove. The entire 
75 
assembly was then placed inside a 0.8 inch coppe r cylinder by shrink 
fitting. Sciance's (47) heater was instrumented by forcing iron plugs 
into holes drilled axially in the walls of the iron cylinder. The 
thermocouples were silver soldered to the ends of the iron plugs and 
the lead in wires were lead out through holes drilled in the center 
of the plugs. 
The objections to the use of the heater designs mentioned above 
are as follows: 
1. Sciance's method of forming thermocouple plugs is complicated 
and it is felt that it will not be a better method than the one used 
in this study. 
2. With the type of heater used by Park (38), thermocouples can 
be broken when assembling the heater. 
The scatter in the temperature differences shown in Figure 7 
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